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Estimates of genetic parameters and selection strategies to improve
the economic efficiency of postweaning growth in lambs1
G. D. Snowder*2 and L. D. Van Vleck†
*USDA, ARS, U.S. Meat Animal Research Center, Clay Center, NE 68933 and
†USDA, ARS, U.S. Meat Animal Research Center, Lincoln, NE 68583
ABSTRACT: The objectives of this study were to esti-
mate (co)variance components for growth and feed effi-
ciency measures, and to compare selection strategies
to improve economic efficiency of gain. Variance compo-
nents for pre- and postweaning growth, body weight,
and measures of feed efficiency were estimated from
data collected on 1,047 Targhee lambs over 7 yr. Ap-
proximately 21 d after weaning, lambs were group-fed
for 4 wk, with ad libitum access to a diet of 37% whole
barley grain and 63% pelleted alfalfa hay. Lambs were
then individually fed for 6 wk. Lambs were then re-
turned to group feeding for another 4-wk period. The
mean feed conversion ratio (gain/intake) for the individ-
ual feeding period was 0.11. Mean postweaning ADG for
the total 14-wk feeding period was 0.26 kg. (Co)variance
components were estimated from single- and two-trait
animal models using REML. The selection strategies
compared included direct selection, index selection, and
restricted index selection. Estimates of (co)variances
derived from single- and two-trait models were similar,
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2003 American Society of Animal Science. All rights reserved. J. Anim. Sci. 2003. 81:2704–2713
Introduction
An increase in profitability of lamb production is de-
pendent on reducing input costs and/or increasing pro-
duction output. Because a large number of lambs in the
United States are conditioned for slaughter in feedlots,
cost of feed is an important economic input factor
whereas lamb growth rate is an important economic
output factor. Any reduction in feed intake or increase
in feed efficiency without compromising growth rate or
carcass quality can have a significant positive economic
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except for mid-test body weight. Preweaning growth
had a low heritability estimate (0.03 ± 0.04) compared
with postweaning growth measures (0.25 to 0.39), but
all measures of growth were highly correlated (r2 >
0.98). Heritability estimates of measures of gain effi-
ciency were variable (total feed intake = 0.39; feed con-
version ratio = 0.26; residual feed intake = 0.26). Total
feed intake was strongly correlated genetically with
feed conversion ratio (0.79) and residual feed intake
(0.77). The estimate of genetic correlation between feed
conversion ratio and residual feed intake was low (0.23).
Comparison of selection strategies showed the superior-
ity of index selection (ADG, total feed, body weight) for
economic improvement compared with other strategies.
Economic response to direct selection for ADG was at
least twice that for direct selection for feed conversion
ratio or against total feed intake, and that for restricted
indices (selecting against residual feed, while holding
body weight and/or gain constant). Selection for ADG
may be a practical approach for indirectly improving
efficiency of gain in lambs.
impact on lamb production. Genetic improvement of
these traits can be increased with knowledge of their
genetic parameters. Although genetic parameters for
pre- and postweaning growth rate have been exten-
sively investigated in lambs, only a limited number of
genetic parameters for feed efficiency traits in lambs
have been reported.
Direct selection for feed efficiency traits in sheep may
not be an appropriate method for genetic improvement
due to the high costs associated with measuring feed
intake. If a correlated trait that is easier and more
economical to measure can be identified, indirect selec-
tion to improve feed efficiency would be a more practical
approach. The genetic correlation between feed effi-
ciency traits and growth rate has been reported to be
moderately high in cattle, swine, chickens, and mice
(reviewed by Eisen, 1977). Therefore, the primary objec-
tive of this study was to estimate (co)variances for feed
efficiency traits, including residual feed intake, and   
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Table 1. Number of lambs and unadjusted means for age, live weight, ADG,
and feed conversion ratio of Targhee lambs
No. Age at Wt at Preweaning Age on Wt on Wt off Feed trial Postweaning Gain:feed
Year lambs weaning, d weaning, kg ADG, kg test, d test, kg test, kg ADG, kg ADG, kg ratio
1978 118 80 25.9 0.26 105 33.5 54.4 0.20 0.21 0.127
1979 141 83 26.1 0.26 105 32.1 51.3 0.25 0.20 0.127
1980 116 83 24.4 0.24 105 31.5 56.7 0.25 0.26 0.141
1981 139 80 23.8 0.24 102 27.8 53.9 0.25 0.27 0.125
1982 115 71 20.9 0.23 92 26.5 54.2 0.25 0.28 0.118
1983 159 71 23.0 0.25 93 28.3 52.5 0.22 0.25 0.091
1984 164 66 21.0 0.25 87 26.6 54.1 0.21 0.28 0.096
Overall ± SE 952 76 ± 0.3 23.5 ± 0.2 0.25 ± 0.002 98 ± 0.3 29.3 ± 0.2 53.8 ± 0.2 0.23 ± 0.002 0.25 ± 0.002 0.116 ± 0.013
growth traits in lambs. A secondary objective was to
compare economic responses of different selection alter-
natives related to feed efficiency traits.
Materials and Methods
Animals and Management. This study evaluated pre-
and postweaning growth and feed consumption data of
Targhee lambs born from 1978 through 1984. A full
description of animals and postweaning management
of lambs used in this study was previously reported
(Snowder and Van Vleck, 2002). Lambs were from two
Targhee genetic lines: a line selected for postweaning
ADG and a random-mated control line. Flock size for
each line was approximately 130 breeding ewes per
year. Each year in the selected line, four to five yearling
rams were selected for postweaning ADG and exposed
to 25 to 32 ewes in single-sire mating pens. In the
control line, ewes were randomly exposed to one of eight
randomly chosen yearling rams. A total of 952 lambs
(233 from the control line and 719 from the selected
line) born to a total of 397 ewes was included in this
study. The lambs were sired by 56 rams in the control
line and 31 rams in the selected line. The average in-
breeding coefficient for all inbred (n = 786) lambs and
parents in the selection line and random control lines
was 2.6%.
Lambs were born from late March through April. At
birth or shortly thereafter, lambs were given identifica-
tion tags, weighed, and tails docked with an elastic
band. Ewes with newborn lambs were removed from
an outside lot and placed inside a covered lambing shed
in a 1.5-m2 pen, typically for 2 d, before being moved
to larger outside pens with other ewes and their lambs.
In early May, lambs were moved with their dams to
spring grazing on sagebrush-grass range. Lambs were
weaned at average age of 76 d and weight of 23.5 kg
(Table 1). Preweaning ADG was defined as the differ-
ence between weaning weight and birth weight divided
by days of age.
An average of 136 lambs were individually perfor-
mance-tested each year for postweaning ADG and feed
conversion ratio (gain/feed intake) for a 14-wk period.
All available lambs from the selected line were perfor-
mance-tested (approximately 103 per year). A smaller
sample of lambs from the control line (approximately
33 per year) was randomly chosen shortly after birth
to be performance-tested. The average age and weight
(± SD) at start of the performance test were 98 ± 8.9 d
and 29.3 ± 6.0 kg, respectively (Table 1). Lambs were
divided by sex (ram or ewe) into separate groups and
fed in open lots with partial shade for 6 wk. The first
2-wk period was considered an adjustment period. Fol-
lowing the group-feeding period, lambs were fed indi-
vidually for 6 wk to measure feed efficiency traits. Indi-
vidual pens were 1.25 by 2.45 m in size and partial
shade was provided for each lamb. To reduce the effect
of feeding pen during the individual feeding period,
lambs were rotated every 2 wk among the feeding pens.
Lambs were then returned to the group-feeding regi-
men for 4 wk. Body weights were measured every 2
wk. Feed intake was measured twice a week and only
during the 6-wk individual feeding period.
Lambs had free access to commercial pellets that
comprised 37% barley grain and 63% alfalfa on an as-
fed basis. Fresh water and a commercial salt and min-
eral mix were freely available. Lasalocid was added to
the salt and mineral mix to prevent and control coccidial
disease. Lambs were checked twice daily for health and
proper feeding conditions.
Postweaning ADG was defined as the final body
weight minus the initial body weight on test (after the
2-wk adjustment period) divided by the total days on
test (98 d), which included the group and individual
feeding periods. The ADG during the individual feeding
period was defined as the lamb weight at the end of the
individual feeding period minus the initial lamb weight
on the individual feeding period divided by total days
(42 d) in the period. Total feed intake (as-fed basis),
residual feed (as-fed basis), and feed conversion ratio
(gain/feed) were determined only for the 6-wk period of
individual feed trial during the performance test.
Statistical Procedures.The data contained few outliers
for ADG or feed intake. Values greater than four stan-
dard deviations from the sample mean were considered
to be outliers. Data from 4% of the lambs (n = 40) were
considered unreliable and were discarded. In most
cases, these lambs had exceptionally low ADG and feed
intake values; such lambs were considered to be sick
or not adjusted to the feeding regimen. 
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Residual feed intake for individuals was estimated
using the GLM procedures of SAS (SAS Inst. Inc., Cary,
NC). Predicted feed intake was estimated by regressing
total feed intake on mid-test live body weight [(final
weight − initial weight)/2 + initial weight] and on ADG
during the individual feeding trial. The unadjusted
means (± SD) for mid-test live weight and ADG were
40.2 ± 6.8 and 0.233 ± 0.032, respectively. The model
included fixed effects for year (1978 through 1984) and
sex of lamb (ram, ewe), and accounted for a large portion
of the total feed intake variance (R2 = 0.88). Residual
feed intake was calculated by using the solutions in the
equation to predict feed intake for each observation,
which was then deviated from the actual feed intake
for that observation. The range for residual feed intake
was −23.2 to 20.4 kg.
Genetic relationships among the lambs were gener-
ated from the Targhee pedigree file of animals born
from 1960 to 1984: a total of 20,049 animals. The num-
ber of inbred animals totaled 9,407, with an average
inbreeding coefficient of 3.6%. Variance and covariance
components were estimated using single- and two-trait
models with a derivative-free REML algorithm (Graser
et al., 1987) with the computer programs of Boldman
et al. (1995). Convergence was considered to have been
reached when the variance of the −2 log likelihoods in
the simplex was less than 1 × 10−6. After initial conver-
gence, four restarts were performed to ensure global
convergence as determined when the −2 log likelihoods
did not change to the second decimal. Standard errors
of heritability estimates were based on the average in-
formation matrix and the “delta” method (e.g., Doden-
hoff et al., 1998).
The model for preweaning ADG included fixed effects
for age of dam (1 to 9 yr), year, sex of lamb (ewe or
ram), and type of birth and rearing (6 classifications;
single born-reared, twin born-single reared, twin born-
reared, triplet born-single reared, triplet born-twin
reared, triplet born-reared). Random effects were addi-
tive genetic effect of the lambs, maternal genetic, and
residual. Age at weaning was included as a linear covar-
iate. The models for ADG during the postweaning pe-
riod (14 wk), and during the individual feeding trial (6
wk), and for mid-test body weight were similar to that
for preweaning ADG but did not include fixed effects
for age of dam and type of birth and rearing, or the
maternal genetic effect. Preliminary analyses found
these fixed effects did not have a significant effect on
postweaning ADG. Earlier studies have also reported
that age of dam and type of birth or rearing had no
effect on postweaning ADG (Basarab et al., 1987; Mousa
et al., 1999) and on feed conversion ratio (Frederiksen
et al., 1967). Age and initial body weight at the begin-
ning of the performance test were considered as linear
covariates for postweaning ADG.
Total feed intake, residual feed intake, and feed con-
version ratio were analyzed with a model similar to
that for postweaning ADG with fixed effects for year
and sex, and random effects for additive genetic effects
of the lamb and residual effects. Body weight and age
at the beginning of the individual feed trial were lin-
ear covariates.
Body weight was included as a linear covariate to
standardize the traits to a weight-constant basis. This
covariate may account for some of the additive genetic
variance for growth rate, intake, and feed efficiency
traits (Chambers et al., 1994). Therefore, single- and
two-trait animal models with and without body weight
as a covariate effect were considered for feed trial ADG,
postweaning ADG, feed conversion ratio, total feed in-
take, and residual feed intake. The effect of body weight
as a covariate on the log likelihoods and estimates of
variance components were examined to determine the
most appropriate model.
Several selection approaches that have been pre-
viously proposed to improve feed efficiency were com-
pared based on the expected economic improvement.
Direct and indirect selection responses for ADG and
against total feed intake were predicted using standard
expected response equations (Falconer, 1981). Esti-
mates of genetic and phenotypic components of variance
from this study were used to parameterize the equa-
tions. The selection intensity factor was based on selec-
tion of the top 5% of rams. Responses to multitrait
selection for two and three traits were also predicted
(Van Vleck, 1993). The three-trait selection index in-
cluded mid-test live body weight, ADG, and total feed
intake. The two-trait index included ADG and total
feed intake.
Restricted multitrait indices for the same traits were
also evaluated according to Kennedy et al. (1993) and
Van Vleck (1993). Kennedy et al. (1993) showed that the
traits used to calculate residual feed are phenotypically
independent but not necessarily genetically indepen-
dent. Therefore, they proposed that residual feed should
be based on genotypic regression that is equivalent to
a restricted selection index holding production traits
(i.e., body weight and ADG) constant. Restricted indices
were developed to hold the expected genetic responses
for mid-test weight and ADG to zero (constant).
The economic value for lamb live body weight was
estimated to be $1.63 USD per kilogram based on a 5-
yr market average price for fall slaughter lambs. The
expense for total feed costs associated with a large-
capacity lamb-feeding system (approximately 50,000
animals per annum) could not be directly obtained from
the literature or other data. Therefore, feed cost was
approximated from two major lamb feedlots (personal
communication); one on the West Coast and the other
in the Midwest. Costs associated with a kilogram of
gain in these large feedlots ranged from $1.21 to $2.20.
An average feed-to-gain conversion ratio of 6.5 was re-
ported by both feedlots. This feed-to-gain ratio was pre-
ferred over that reported in our study (Table 1) because
of the higher percentage of grain fed in contemporary
feedlot rations. The average value for costs associated
with a kilogram of feed was estimated by both feedlots
to be $0.20. Total feed cost would be expected to include
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Table 2. Traits and respective economic values (EV) for selection strategies evaluated
to improve the economics of postweaning feeding
Strategy Trait 1 EV 1 Trait 2 EV 2 Trait 3 EV 3
Direct ADG 1
Direct Total feed −1
Direct Gain:feed ratio 1
Direct Residual feed 1
Index I Total feed −0.20 ADG 1.63 Mid-test wt 0
Index II Total feed −0.20 ADG 1.63
Restricted I Total feed −0.20 ADG 0a Mid-test wt 0
Restricted II Total feed −0.20 ADG 0
aRestricted indices held genetic change of ADG and/or mid-test wt constant.
such expenses as feed, facilities, equipment, death loss,
veterinary and health expenses, insurance, interest,
shipping, commissions, and labor. Feed cost was given a
negative value in the index. In the three-trait selection
index, the value of lamb live weight on feed was set to
zero to avoid giving it selection emphasis. The feedlot
period was restricted to 42 d as representative of the
feed intake data in this study. Typically, lambs are in
a feedlot for 40 to 90 d dependent upon initial weight
and rate of gain. The traits and economic weights asso-
ciated with these selection strategies are listed in Ta-
ble 2.
To examine different scenarios in occasional price
fluctuations, the economic weights for lamb live weight
price and feed cost were varied. Feed costs were as-
sumed to fluctuate 25% and set at $0.15 for low costs
and $0.20 for high costs. Low and high lamb live weight
prices were set at $1.22 and $2.20, respectively. The
previously mentioned selection approaches were again
used to compare selection economic efficiencies.
Results and Discussion
Overall means for ADG during preweaning, feed
trial, and postweaning periods were similar and ranged
from 0.23 to 0.25 kg (Table 1). Preweaning ADG (0.25
kg) was similar to that reported for lambs reared on
intermountain western range (0.23 to 0.26 kg for four
different breeds; Bromley et al., 2001) but less than
that observed in Targhee ram lambs raised on northern
Californian coastal range (0.34 kg; Brown et al., 1987).
Postweaning ADG (0.25 kg) was less than that re-
ported for Targhee ram lambs (n = 23) under similar
conditions (0.27 to 0.32 kg; Brown et al., 1987) but
greater than a multibreed average reported for Ram-
bouillet, Dorset, and Finnish Landrace ram lambs (0.21
kg; Notter et al., 1984) with ad libitum access to a
high energy and protein ration for 20 wk. Although
individual feeding of lambs has been shown to decrease
ADG by approximately 10% when compared to group
feeding over a 97-d period (Kroman et al., 1971), ADG
did not differ between the group and individual feeding
periods in the present study.
The unadjusted mean for final live weight was 53.8
kg (Table 1). Because the current slaughter weight of
lambs in the United States is approximately 64 kg,
extrapolation of the results of this study to heavier lamb
weights is not recommended.
The mean of the feed conversion ratio (gain/feed) for
the 6-wk individual feed trial period was 0.116, which
is in agreement with the report by Vesely et al. (1970)
for Rambouillet (0.093) and Romnelet (0.091) ram
lambs fed a diet similar to that in the present study.
Notter et al. (1984) reported feed conversion ratio val-
ues for Rambouillet (0.172), Dorset (0.161), and Finnish
Landrace (0.133) rams growing in the range of 22 to 38
kg live weight. Brown et al. (1987) reported a range of
0.137 to 0.172 for Targhee ram lambs whose age,
weight, and diet were similar to the lambs in the pres-
ent study.
The phenotypic relationships of total feed intake and
residual feed with mid-test body weight and ADG dur-
ing the individual feeding period are depicted in Figures
1 and 2. Live weight and ADG have a positive linear
relationship with total feed intake (r2 = 0.76 and 0.54,
respectively). The linear relationship of body weight to
total feed consumption has been previously discussed
by Notter et al. (1984). Because neither of the relation-
ships of total feed intake with mid-test weight or ADG
passes through the origin, spurious correlations be-
tween these variables may exist and therefore bias con-
clusions related to the feed conversion ratio trait (Kron-
mal, 1993). The variability for total feed intake along
the regression line tends to be less for live weight when
compared to its relationship with ADG. As expected,
residual feed has a random distribution along the zero
axes for live weight and ADG (r2 = 0.00 for both traits).
However, residual feed estimates may be biased by un-
derlying genetic relationships of live weight and ADG
with total feed intake (Kennedy et al., 1993; Rob-
inson, 2002).
Estimates of variance components and fractions of
total variance from single-trait models are reported in
Table 3. The covariate of initial weight on test to adjust
lamb performance to a constant-weight basis did not
affect the estimate of additive genetic variance of the
traits; however, including live weight as a covariate
increased the −2 log likelihood for most traits. An excep-
tion to this was observed in the analyses of residual
feed intake, where the likelihood did not change with 
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Figure 1. Relationship of lamb weight with total and
residual feed intake.
or without live weight as a covariate; this was assuredly
due to the preadjustment of residual feed intake for
lamb live weight.
Preweaning ADG was significantly influenced by ma-
ternal genetic effects. The maternal heritability esti-
mate for preweaning ADG was 0.28, whereas the herita-
bility estimate of direct additive genetic effects was only
0.03. These estimates agree with previously reported
estimates, indicating that the direct additive genetic
variance is much smaller than maternal additive ge-
netic variance for preweaning growth and weight traits
(Al-Shorepy and Notter, 1996; Bromley et al., 2001).
Heritability estimates from the present study may
differ from those of earlier studies because statistical
procedures used previously for estimating heritability
(half-sib correlation and intrasire regression) for pre-
weaning growth traits may have been subject to biases
from environmental adjustments (Shelton and Camp-
bell, 1962) and did not account for the maternal genetic
effects. Heritability estimates for preweaning growth
rate from earlier studies have varied (0.10 for crossbred
Figure 2. Relationship of lamb ADG with total and
residual feed intake.
lambs weaned at 23 kg, Harrington et al., 1962; 0.13
to 0.48 for Rambouillet lambs weaned at an average
weight of 29.5 kg, Shelton and Campbell, 1962; 0.22 for
Hampshire lambs weaned at 23 kg, Vogt et al., 1967).
Similarly, an extensive review of genetic parameter es-
timates (Fogarty, 1995) reported a wide range of herita-
bility estimates for weaning weight (0.02 to 0.45).
The heritability estimate for postweaning ADG was
high (0.39). Previously reported heritability estimates
for postweaning ADG ranged from 0.21 (Vesely et al.,
1970; Mousa et al., 1999) to 0.38 (Harrington et al.,
1962). The heritability estimate for ADG during the 6-
wk individual feeding period (0.25) was in agreement
with 0.27 reported by Leymaster et al. (2002) for ADG
of composite lambs during a 7-wk postweaning period;
however, Francois et al. (2002) reported a higher esti-
mate of 0.43 for the French INRA401 breed. The higher
heritability estimate for ADG during the entire 14-wk
postweaning period compared to the 6-wk feed trial
period is associated with the increased duration of the
feeding period (Harrington et al., 1962) and the age of 
. 
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Table 3. Estimates of variance components and fractions
of total variance from single trait modelsa
Trait σ2a σ2e σ2p h2 e2
Preweaning ADG, kgb 0.00007 0.00163 0.0024 0.03 ± 0.04 0.69 ± 0.05
Postweaning ADG, kg 0.00050 0.00079 0.0013 0.39 ± 0.07 0.61 ± 0.07
Feed trial ADG, kg 0.00068 0.00211 0.0028 0.25 ± 0.06 0.75 ± 0.06
Mid-test body wt, kg 0.61 2.16 2.78 0.22 ± 0.06 0.78 ± 0.06
Gain:feed ratio 0.00006 0.00054 0.0006 0.10 ± 0.05 0.90 ± 0.05
Total feed intake, kg 32.8 51.2 84.0 0.39 ± 0.07 0.61 ± 0.07
Residual feed intake, kg 9.8 28.0 37.8 0.26 ± 0.07 0.74 ± 0.07
aσ2a = additive genetic variance; σ2e = residual variance; σ2p = phenotypic variance; h2 = heritability estimate;
e2 = fraction of phenotypic variance due to environmental effects.
bMaternal additive variance = 0.00066, and maternal heritability estimate = 0.28 ± 0.08.
the lambs (Olson et al., 1976; Nsholm and Danell, 1996).
Previous studies have reported that genetic correla-
tions for gain are generally positive and much larger
than environmental correlations as time on feed in-
creases, indicating genetic influences persist but envi-
ronmental influences do not as time on feed increases
(lambs, Snowder and Van Vleck, 2002; cattle, Swiger,
1961, and Koch et al., 1982). The heritability estimate
for mid-test weight was moderate (0.22) and agrees
with the review of Fogarty (1995) of genetic parameters
for postweaning weights.
The heritability estimate for the feed conversion ratio
was low (0.10) and in agreement with estimates of 0.06
for Rambouillet and 0.18 for Romnelet ram lambs re-
ported by Vesely et al. (1970). Estimates for other spe-
cies have been low to moderate (0.12 for goats, Khan
and Singh, 1995; 0.16 and 0.26 for beef cattle, Fan et
al., 1995 and Bishop et al., 1991, respectively; 0.12 for
swine, Jungst et al., 1981; and, 0.27 for mice, Suther-
land et al., 1970).
The heritability estimate for total feed intake was
high (0.39) and agrees with an estimate derived from
French sheep (0.43, Francois et al., 2002). Lower esti-
mates for daily feed intake have been reported for lambs
(0.25, Leymaster et al., 2002) and swine (0.22, Jungst
et al., 1981). Heritability estimates for feed intake in
beef cattle have been high (0.40, Scholtz et al., 1998;
and 0.39, Arthur et al., 2001a).
The heritability estimate for residual feed intake was
moderate (0.26). This was attributed to decreases in
the additive and phenotypic variances (70 and 55%,
respectively) when compared to total feed intake. This
estimate agrees with values reported for sheep (0.30,
Francois et al., 2002) and is similar to that reported in
other species (0.28 and 0.43. for beef cattle, Koch et al.,
1963 and Arthur et al., 2001b, respectively; 0.28 to 0.36
in dairy bulls, Jensen et al., 1992; 0.33 in growing boars,
Mrode and Kennedy, 1993; and 0.27 in mice, Neilsen
et al., 1997).
Environmental effects had a large influence on all
traits. The estimated fraction of phenotypic variance
due to environmental effects ranged from 0.61 to 0.78
for all traits except feed conversion ratio (0.90).
Variance components estimates from the bivariate
analyses were similar to those from the single-trait
model for all pairs of traits and are not reported. Esti-
mates of genetic correlations (Table 4) among pre-, post-
weaning, and feed trial ADG were high, ranging from
0.97 to 0.99. Overall growth rate may be improved by
selection on ADG for any or all of the periods of mea-
surements. The maternal genetic effect for preweaning
ADG had negative correlations with other ADG traits
but these were near zero. Negative genetic relation-
ships between maternal effects and growth rates have
been previously reported in beef cattle (Deese and
Koger, 1967; Vesely and Robison, 1971).
Growth rates during the postweaning and feed trial
period had large and positive estimates of genetic corre-
lations with feed trial mid-test weight, total feed intake,
and feed conversion ratio. Selection for growth rate or
live weight would be expected to increase feed intake
as well as to improve feed conversion ratio (Turner,
1959; Sutherland, 1965). These estimates agree with
previous estimates of genetic correlation for postwean-
ing ADG with feed conversion ratio (feed/gain) of −0.43
for Rambouillet and −1.00 for Romnelet (Vesely et al.,
1970) and 0.80 for postweaning ADG with total feed
intake for crossbred lambs (Leymaster et al., 2002).
Large standards errors for estimates of genetic correla-
tions associated with preweaning ADG were assumed
to be related to the near zero additive variance for pre-
weaning ADG. From a large study of Angus beef cattle
(Arthur et al., 2001a), estimates of genetic correlations
of postweaning ADG with mid-test weight and feed in-
take were 0.53 and 0.54, respectively. Fan et al. (1995)
reported a wide range of estimates of genetic correla-
tions for Hereford and Angus cattle ADG and feed con-
version ratio (0.42 vs. 0.73). Arthur et al. (2001b) re-
ported a genetic correlation of −0.10 between ADG and
residual feed for Charolais bulls. For mice, realized
genetic correlations of postweaning ADG with feed in-
take and feed conversion ratio after 22 generations of
selection were reported to be large (0.88 and 0.91; Suth-
erland et al., 1970).
Residual feed was positively (unfavorably) correlated
genetically with all traits except with the maternal ef- 
j 
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Table 4. Estimates of genetic correlations among lamb growth and feed efficiency traits
Preweaning Postweaning Feed trial Mid-test Total feed Residual Gain:feed
Trait ADGmat ADG ADG body wt intake feed ratio
Preweaning ADG, kg −0.04 ± 0.686 0.98 ± 0.627 0.99 ± 0.506 0.01 ± 0.000 0.90 ± 0.645 0.86 ± 0.615 0.92 ± 0.748
Preweaning ADGmat, kga — −0.04 ± 0.175 −0.13 ± 0.181 0.60 ± 0.191 −0.40 ± 0.190 −0.39 ± 0.197 −0.46 ± 0.293
Postweaning ADG, kg — — 0.97 ± 0.050 0.93 ± 0.094 0.92 ± 0.066 0.33 ± 0.166 0.99 ± 0.213
Feed trial ADG, kg — — — 0.97 ± 0.053 0.84 ± 0.072 0.29 ± 0.201 0.85 ± 0.156
Mid-test body wt, kg — — — — 0.71 ± 0.114 0.0 0.79 ± 0.213
Total feed, kg — — — — — 0.77 ± 0.070 0.79 ± 0.244
Residual feed, kg — — — — — — 0.23 ± 0.068
aPreweaning ADGmat = maternal direct genetic effect of the lamb’s dam.
fect for preweaning ADG. Residual and total feed were
highly correlated. Francois et al. (2002) reported a
smaller genetic correlation between residual and total
feed (rg = 0.59). For beef cattle, this genetic relationship
has been reported to be similar (rg = 0.69, Arthur et al.,
2001a). The estimates of genetic correlations of residual
feed with weight and ADG, traits used in derivation of
residual feed, were small (0.0 and 0.29, respectively).
Selection to decrease residual feed would be expected
to result in a negative effect on traits related to growth
rate and weight. For beef cattle, Arthur et al. (2001a)
concluded that selection against residual feed would
not change ADG (rg = −0.04) but would increase 400-d
calf weight (rg = −0.26).
Estimates of environmental correlations (Table 5) of
preweaning ADG with postweaning and feed trial ADG
were negative but near zero. The estimate of the envi-
ronmental correlation between growth rates for the
postweaning growth period that included group and
individual feeding with ADG for the individual feeding
period was less than expected (re = 0.38) as was the
estimate of the environmental correlation between mid-
test weight and postweaning ADG (re = 0.22). Feed in-
take was environmentally correlated with measures of
postweaning growth and weight. The estimate of the
environmental correlation between total and residual
feed intake was large and positive. Feed conversion
ratio was the only trait with a significant favorable
environmental correlation with residual feed intake (re
= −0.32).
Predicted economic responses per generation for the
selection strategies were highly variable (Table 6). Gain
in lamb weight generally had the largest influence on
expected economic response. The unrestricted selection
Table 5. Estimates of environmental correlations among lamb growth and feed efficiency traits
Mid-test Total feed Residual feed Gain:feed
Trait Postweaning Feed trial body wt intake intake ratio
Preweaning ADG, kg −0.15 ± 0.064 −0.02 ± 0.054 0.90 ± 0.017 −0.08 ± 0.063 −0.06 ± 0.055 −0.04 ± 0.052
Postweaning ADG, kg — 0.38 ± 0.047 0.22 ± 0.061 0.35 ± 0.051 0.12 ± 0.061 0.08 ± 0.052
Feed trial ADG, kg — — 0.58 ± 0.032 0.64 ± 0.034 −0.14 ± 0.058 0.48 ± 0.037
Mid-test body wt, kg — — — 0.49 ± 0.044 0.0 0.21 ± 0.061
Total feed, kg — — — — 0.64 ± 0.036 0.08 ± 0.053
Residual feed, kg — — — — — −0.32 ± 0.049
indices including two and three traits had the greatest
expected economic gains per generation ($0.98 and
$1.05, respectively). The expected economic improve-
ment from direct selection for ADG was $0.88, 16% less
than that expected with the three-trait selection index.
The least expected economic improvement was for selec-
tion against residual feed ($0.12). Three expected eco-
nomic responses with the restricted indices were posi-
tive and 50 to 105% greater than expected from selec-
tion against residual feed but considerably less than
with the unrestricted indexes. Selection for feed conver-
sion ratio would result in expected response similar to
responses for the restricted indices. An economic loss
would be expected from selection to reduce total feed
intake.
When economic values were varied between low and
high estimates (Table 7), economic improvement varied
among selection criteria. Generally, the largest eco-
nomic improvements were observed with selection indi-
ces. However, direct selection against residual or total
feed was favored for low lamb prices with high feed
costs. When the live lamb price was high, selection crite-
ria related to lamb weight gain had larger economic
improvements compared to selection criteria for feed.
The economic improvement with restricted indices was
always positive and only influenced by feed costs be-
cause live weight and/or gain were held constant. Direct
selection for ADG also resulted in positive economic
improvements for all economic scenarios. Because ADG
is perhaps the most practical and easiest trait to mea-
sure, breeders desiring to improve economic returns
and feed efficiency should consider selecting for ADG.
These results are in agreement with previous reports.
The superiority of index selection over single-trait selec-
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Table 6. Expected direct and correlated genetic responses and total economic gain
or loss per generation with different selection strategiesa
Total gain, Feed intake, Total economic
Method kg kg change, $US
Direct for ADG 1.15 4.96 0.88
Direct against feed intake −1.20 −7.37 −0.49
Direct for feed efficiency 0.60 2.89 0.40
Direct against residual feed −0.33 −3.30 0.12
Index I 1.09 3.65 1.05
Index II 1.08 −3.88 0.98
Restricted I 0 −1.64 0.33
Restricted II 0 −2.27 0.45
aIndex I and Restricted I included 3 traits: total feed, gain, and body weight. Index II and Restricted II
did not include body weight. Restricted indices held gain and body weight constant. Economic values: $1.63/
kg of gain; $0.20/kg feed.
tion for economically important traits was described by
Hazel and Lush (1942). The reduction in efficiency of
selection for a trait defined as a ratio compared to effi-
ciency of a linear selection index was described by
Gunsett (1984). Greater expected economic response
from multitrait restricted indices compared with re-
sponse from direct selection against residual feed was
suggested by Kennedy et al. (1993). The greater ex-
pected economic improvement from direct selection for
ADG compared to most other selection approaches asso-
ciated with efficiency was alluded to by Cameron (1998).
Selection for preweaning gain might result in an ex-
pected response similar to that of direct selection for
postweaning gain based on the large genetic correlation
(r2 = 0.98). Selection for preweaning gain will indirectly
improve efficiency of gain but not residual feed. How-
ever, the small heritability estimate for the direct addi-
tive effect on preweaning gain will result in a much
lower expected selection response compared to that
from direct selection for postweaning gain.
Other factors related to predicted economic responses
to selection include associated costs of collecting data
for traits of interest and measurement errors of the
traits. Whether the costs of improving efficiency of gain
by selection can be recovered within a desired short- or
Table 7. Total economic gain or loss ($US) per animal per generation with low
and high economic values for lamb weight and feed costs
under different selection strategiesab
Method LL/LF LL/HF HL/LF HL/HF
Direct for ADG 0.66 0.16 1.79 1.29
Direct against feed intake −0.36 0.38 −1.53 −0.80
Direct for feed efficiency 0.30 0.01 0.89 0.60
Direct against residual feed 0.09 0.42 −0.23 0.60
Index I 0.78 −0.07 1.94 1.49
Index II 0.74 −0.06 1.88 1.41
Restricted I 0.41 0.25 0.41 0.25
Restricted II 0.56 0.34 0.56 0.34
aEconomic values: LL = $1.22 kg lamb wt, HL = $2.20 kg lamb wt, LF = $0.15 feed costs, HF = $0.25 feed
costs.
bIndex I and Restricted I included three traits: total feed, gain, and body weight. Index II and Restricted
II did not include body weight. Restricted indices held gain and body weight constant.
long-term selection period should be determined. At
present, facilities, equipment, and labor needed to mea-
sure individual feed intake are generally considered
cost prohibitive. For example, in this study, the ex-
pected difference in economic responses for direct selec-
tion for ADG and the selection index with three traits
(ADG, weight, and feed intake) is only $0.17 less per
lamb per generation. The costs of measuring feed intake
must be balanced against a relatively low return.
Another consideration is that although selection for
ADG during the postweaning period is the most practi-
cal approach for improving efficiency, other traits not
measured in this study may indirectly respond to selec-
tion in positive or negative ways. Selection for rate of
gain will generally increase mature size of ewes (Brown
et al., 1987), cows (Brinks et al., 1964), and rats (Suther-
land et al., 1970). For sheep, increasing ewe mature
size has been shown to improve milk production, result
in a leaner carcass at a given slaughter weight (Brown
et al., 1987), and improve ewe reproductive rate (Ercan-
brack and Knight, 1998). The average estimate of ge-
netic correlation between ewe mature size and repro-
ductive rate (number of lambs weaned per ewe exposed)
is 0.31 (Fogarty, 1995). An increase in ewe mature size,
however, may also increase production costs due to the
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increased feed needed to maintain the ewe. In environ-
ments with limiting feed resources, a larger ewe may
be undesirable. Mature size may have a positive rela-
tionship with biological efficiency, but it is usually small
(e.g., a 25% increase in mature weight would result in
only a 3.8% increase in biological efficiency; Thompson
and Barlow, 1986), and thus, biological efficiency would
not be greatly affected. However, if reproductive rate
increases with the size of the ewe, biological efficiency
would also improve.
In a segmented industry, such as the U.S. sheep in-
dustry, which is divided into producer, feeder, and
packer entities, postweaning gain and feed efficiency
traits for lambs are of interest only to the feeding indus-
try. Commercial lamb producers are unlikely to place
heavy selection emphasis on postweaning gain when
reproductive rate is far more economically important
to them. This attitude would change if feeders were
willing to pay an incentive for faster growing or more
efficient lambs. Until then, the pure breed industry that
has traditionally selected animals for conformation,
size, and growth, especially terminal meat sire breeds,
will likely be the only segment of the industry that
focuses on improving rate of gain.
The cost of comparing animals for feed efficiency has
been perhaps the greatest handicap for genetic im-
provement. The number of animals entered into a feed
efficiency trial may be reduced if an efficacious screen-
ing test were available. For beef cattle, it has been
suggested that IGF-I, which is phenotypically associ-
ated with feed conversion efficiency and growth rate
(Davis et al., 1995), can be used to economically screen
beef cattle put on test (Wood et al., 2002). Such a two-
stage selection program may be practical for sheep-
testing stations.
Selection for improved gain would be expected to re-
sult in significant biological changes in sheep. Three
studies have investigated the biology of the animals
used in this study by comparing selected and random
bred control lines. Selection for rate of gain resulted in
higher levels of plasma growth hormone and thyrotro-
pin levels (Dodson et al., 1983); greater tissue oxygen
consumption rates (Rompala et al., 1987); and a 4%
decrease in metabolizable energy for maintenance,
7.8% increase in fasting heat production, and 13% heav-
ier ruminal weight (Rompala et al., 1991). The lower
maintenance requirement for metabolizable energy
would be of economic importance.
Implications
This study adds to the limited information on the
genetics of efficiency of gain in sheep. One of the first
heritability estimates for residual feed for gain in sheep
was reported: the genetic correlation of residual feed
with other measures of growth and feed intake were
described. Most importantly, these estimates of genetic
parameters were used to compare various selection
strategies to improve efficiency of gain. These compari-
sons revealed that the economic advantage to collecting
feed intake to improve feed efficiency of postweaning
gain is small and may not be justified when the cost
of measurement of feed intake is considered. Direct
selection for ADG is the more practical alternative com-
pared with other selection strategies that include some
measure of feed intake.
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